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All concrete structures are affected by carbonation. Nonlinear ultrasonic
techniques are known to be sensitive to early stage damage of materials. However,
only a limited number of field applicable techniques exist for damage evaluation of
concrete. The objective of this research is to develop a technique that can measure
the nonlinearity of concrete by using Rayleigh waves. In this work, two techniques
are discussed and tested on concrete samples. The most promising method of wave
mixing is found to be robust and is applied to a partly carbonated and a reference
undamaged sample. The difference component of the two fundamental frequencies is
used to measure the relative nonlinearity for both samples. The results show that the





Concrete structures are constantly exposed to environmental affects, which can cause
a degradation of the material and lead to a fatal breakdown. Usually these degrada-
tion mechanisms start from the surface of the structure. One of the most prevalent
environmental damages is caused by carbonation of concrete. Carbonation is a degra-
dation mechanism that affects all outdoor, indoor and also marine-exposed structures.
Air carbon dioxide penetrates the material through its natural porous network and its
dissolution and the re-precipitation of calcium hydrates initiate a chemical reaction
that changes the natural pH-value of the concrete. The lower pH-value destroys the
passive coating of steel reinforcement bars and starts the corrosion process, which can
lead to the structural failure.
Detection of the carbonation depth in a concrete the structure can prevent serious
damage. A number of different nondestructive ultrasonic techniques have been used
for concrete materials and have been shown to be very sensitive to microscale dam-
age. Nonlinear impact resonance acoustic spectroscopy (NIRAS) technique for the
characterization of progressive damage in standard concrete specimens was success-
fully applied by Leśnicki et. al [21]. It is shown in this research that microstructural
changes such as crack formation and debonding between separate phases in concrete
are responsible for changes in the nonlinear parameter. Also this technique could be
applied to accurately classify aggregate reactivity. Damage due to thermal shock and
dynamic cyclic loading was investigated by Schurr et. al [29] using Coda wave inter-
ferometry (CWI). The multiple-scattering effect of a multiphase material like concrete
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allows the waves to travel through the material much longer compared to the direct
path. The results are a very high sensitivity to small changes in the microstructure of
the material and a creation of a diffuse ultrasonic field. The feasibility and sensitivity
of this CWI-based technique in characterizing damage in cement-based materials are
demonstrated. Deroo et. al [9] used diffuse ultrasound to monitor thermal damage at
different stage as well as damage caused by alcali-silica reaction. For both damages a
decrease in the diffusivity with increasing damage level could be measured and the re-
sults were validated by previous nonlinear ultrasound methods, which are known to be
very sensitive to micro scale damage. However, this methods can only be used in the
laboratory. An existing field applicable technique for metals is the second harmonic
generation technique. It has the advantage of using only one side of the specimen by
generating Rayleigh surface waves. Besides, it is known that Rayleigh surface waves
concentrate the most of their energy very close to the surface of the material and can
therefore be used to evaluate near surface damage especially well. However, only a
limited amount of field applicable nondestructive ultrasonic evaluation techniques for
early stage damage are known to date for concrete structures.
1.2 Objectives
The goal of this research is to develop a field applicable nondestructive ultrasonic
technique for the evaluation of near surface microscale damage in concrete materials.
A robust experimental procedure using Rayleigh surface waves for determining the
nonlinearity of concrete samples is developed and validated on carbonated and non-
carbonated samples.
1.3 Structure of the thesis
This thesis starts with a short introduction to the basic wave propagation physics
followed by a discussion on the nonlinear evaluation techniques. Chapter 3 describes
some of the main material properties of concrete playing a role in this work. Also
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the carbonation process is discussed in this chapter in detail. Chapters 4 and 5 give
an insight in the experimental setups and procedures for the two tested techniques,
respectively. In Chapter 6 the results are presented and the possible future work
additionally to the drawn conclusions are summarized in Chapter 7.
3
CHAPTER II
WAVE PROPAGATION IN SOLIDS
Before giving a discussion on the experimental method an introductory overview of
the physics and mathematics of wave propagation in solid materials will be given
in this chapter. The derivation of linear equations of motion will build the starting
point of this discussion accompanied by some of the most important wave propaga-
tion phenomena, which will play a role in this thesis. The second half of this chapter
will be dealing with wave propagation in non-linear materials giving the necessary
information for understanding of the following evaluations. Furthermore the the-
ory of the nonlinear material evaluation technique used in this work will be discussed
and mathematical derivations for the measured nonlinearity parameters will be given.
2.1 Equations of motion
The derivation of the equations of motion can be started with Newton’s second law.
The balance of linear momentum for a body with the surface S enclosing the volume












where tj represents the traction, ρ the material mass density, bj the body forces and
uj is the displacement with the respective time derivative u̇j . The linear elasticity
theory defines the traction tj on the plane represented by the normal vector ni as







Figure 1: Balance of Momentum
where σij denotes the second order stress tensor. By substituting Eq. (2.2) in Eq.




(σij,i + ρbj − ρüj) dV = 0. (2.3)
Eq. (2.3) has to hold for every arbitrary volume, which concludes
(σij,i + ρbj − ρüj) = 0. (2.4)
This equation is known as Cauchy’s equation of motion.
2.1.1 Wave propagation in linear materials
In wave propagation literature it is more common to express Cauchy’s equation of
motion only in terms of displacements ui. Therefore the service of the relationship
between stress and strain tensors given by
σij = Cijklǫkl (2.5)
is used. Cijkl describes the forth order stiffness tensor containing the mechanical
properties of the material. For the case of a linear isotropic material the constant
coefficients can be expressed as
Cijkl = λδijδkl + µ(δikδjl + δilδjk). (2.6)
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The equation contains the first order Lamé’s elastic constants λ and µ. The fusion
of Eq. (2.5) and Eq. (2.6) results in Hooke’s law for a homogeneous, isotropic, and
linear material
σij = λǫkkδij + 2µǫij . (2.7)




(ui,j + uj,i). (2.8)
It is reasonable to neglect the body forces in the further development. Combining
Eq. (2.8) and the Hooke’s law (2.7) for an isotropic, linear material Navier’s equation
of motion (2.9) is obtained, giving the displacement relationship
µui,jj + (λ+ µ)uj,ji = ρüi. (2.9)
The vector representation of Eq. (2.9) reads as
µ∇2u+ (λ+ µ)∇∇ · u = ρü. (2.10)
Considering the three dimensional case this equation represents a system of three
coupled partial differential equations (PDEs). Usually that kind of equation system
is very difficult to solve. The most common method to achieve a solution is to apply
the Helmholtz decomposition (2.11), which provides two uncoupled PDEs.
u = ∇φ+∇×ψ, ∇ ·ψ = 0. (2.11)
The Helmholtz decomposition uses the gradient of the scalar potential φ and the curl
of the zero-divergence vector potential ψ. The condition of zero-divergence is neces-
sary since three components of displacement are supposed to be described uniquely by
four components of φ and ψ. For a more detailed discussion and proof see [3]. Plug-











where cP denotes the phase velocity of the primary, or longitudinal wave, and cS the
phase velocity of the secondary, or transverse wave. Both velocities, cP and cS are










Both Lamé constants can be rewritten in respect to the material properties Young’s
modulus E, which is the stiffness of the material and Poisson’s ratio ν, which describes
the ratio between the transverse and axial strain in the applied load direction.
λ =
Eν







For the purposes of this work it is reasonable to discuss the occurring wave phenomena
under the assumption of plane waves simplifying the matters. Plane waves feature
constant properties for strain ǫ, stress σ and displacement u in the plane perpendic-
ular to the propagation direction p. A plane displacement wave propagating with a
phase velocity c can be mathematically described as
u = f(x · p− ct)d. (2.15)
As mentioned above p and d are unit vectors defining the directions of propagation
and particle motion, respectively [3]. Using this definition in the equation of motion
(2.10) yields
(µ− ρc2)d+ (λ+ µ)(p · d)p = 0. (2.16)
Considering the fact that d and p are two different vectors the equation can be
satisfied in two ways only:
either d = ±p or d · p = 0. (2.17)
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For the first case it also can be written d · p = ±1 and the Eq. (2.16) yields
c = cP , (2.18)
for the other case both terms in Eq. (2.16) must vanish independently and we obtain
the transverse wave speed with
c = cS. (2.19)
2.1.2.2 Harmonic waves
Time harmonic plane waves play a crucial role in the present work. As a special
form of plane waves propagating with the phase velocity c in the direction of the unit
vector p, the mathematical representation of the harmonic form can be given by
f(x · p− ct) = exp[ik(x · p− ct)]. (2.20)




, contained in the phase of the wave, gives the informa-
tion about the quantity of wavelengths over 2π units of distance, [3]. ω is the circular
frequency of the wave. Given an amplitude A, which also can be complex and is
independent from x and t, we obtain an expression for a general time harmonic wave:
u = Aexp[ik(x · p− ct)]d. (2.21)
2.1.2.3 Joined half-spaces
One of the main phenomena that take place in the later discussed experiments occurs
when waves propagate between two joined half-spaces. In a general case of in-plane
motion it can be expected that for each incident wave two reflected and two refracted
waves will appear in the system. A sketch of the unit propagation vectors for the
system of incident a0, reflected and refracted waves is shown in Figure 2. In the
further discussion we only will focus on longitudinal waves as incident wave, since
these particular ones are generated by the transducer used to excite a Rayleigh surface
















Figure 2: Incident, reflected and refracted waves
incident P-wave hits the interface of the two different materials at a particular angle
a wedge was especially designed and manufactured for the purposes of this work. The
angle of the wedge, and accordingly the angle of the incident wave θ0 is only dependent







Obviously this relationship is only defined for cR2 > cP1. The mathematical derivation
and proof can be found in [3].
2.1.2.4 Rayleigh surface waves
Rayleigh surface waves are named after Lord Rayleigh, who predicted their existence
in 1885. One half-space like in Sec. 2.1.2.3, defined as x2 6 0 shall now be considered.
Rayleigh waves are able to propagate very long distances along a stress-free boundary,
in positive x1-direction, concentrating most of their energy very close to the surface.
The amplitude of the Rayleigh wave decays exponentially in the negative x2-direction.
In order to describe the longitudinal and shear contributions of the Rayleigh wave
9


















S, with kR, kP and kS as wavenumbers of
Rayleigh, primary and secondary waves. Λ1 and Γ1 are constants. Plugging in the
Helmholtz Decomposition (2.11) into the equation of motion (2.9) and solving for
displacements results in a solution of the following form:
uγ(x1, x2, t) = u
(1)
γ (x1, x2, t) + u
(2)
γ (x1, x2, t). γ = P, S. (2.25)
The lower index γ indicates whether longitudinal or shear contribution of the total
displacement. It shall be noticed that the second part on the right hand side of this
equation constitutes the second order solution which will be discussed later in Section
(2.2.2). Applying the boundary conditions of stress-free surface, σ12 = σ22 = 0 at




















exp [i(kRx1 − ωt)] , (2.27)
u
(1)











exp [i(kRx1 − ωt)] .
(2.28)
For a unique first order solution at x2 = 0 it is also required that the Rayleigh wave

















It is noted that the wavenumber is not affecting the equation for the phase velocity
of the Rayleigh wave (2.29), which means it does not depend on the frequency and
therefore is nondispersive at free surface of an elastic half-space. Rayleigh surface
waves propagate at approximately 90% of the shear wave velocity. An accredited





For this research Rayleigh waves are of an eminent importance, since near-surface
degradation of concrete material shall be investigated.
2.2 Non-linear wave propagation
So far we only considered material with an ideally linear stress-strain-relationship.
In heterogenous, multi-phase and damaged materials the stress-strain relationship
does not follow the linear character of Hooke’s law (2.7) [5]. A detailed derivation of




1 + βǫ+ δǫ2...
]
+ α (ǫ, sign (ǫ̇)) , (2.31)
the dotted ǫ relates to the time derivative of the strain, α is the non-classical non-linear
parameter and the sign function equals +1 when ǫ̇ > 0 and −1 when ǫ̇ < 0. Eq.
(2.31) can be used for practical estimates very well, especially for non-destructive
evaluations (NDE). Furthermore, most of such materials also show non-symmetric
behaviour under tensile and compressive loads. The simplest way to explain this effect
is by imagining a micro-crack represented by two surfaces interacting with each other.
Under exposure to a longitudinal wave these surfaces will come into direct contact
during the compressional phase passes through. And while the tensile phase passes
through the crack the surfaces will lose contact to each other producing a distortion in
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the passing wave [33]. These distortions manifest themselves in a generation of higher
harmonics in an initially monochromatic signal. In terms of visualization of this effect
σ
ǫ
Figure 3: Comparison stress-strain relationships
the received signal can be digitally processed by software tools like MATLAB. A
more detailed discussion on that process will be given in Section 4.2.3.2. In Figure
4 a very simplified example of an monochromatic input signal and an output signal
with due to material non-linearity generated higher harmonics are given for a general
visualization. The mathematical approach to the nonlinear wave equation has been
developed in multiple works and can be found for example in [3, 18]. The resulting




















with x ≡ x1 the direction of propagation and u ≡ u1(x1, t) the respective displace-
ment, where the index indicates the axis of a Cartesian coordinate system and t time.
cP is the phase velocity of the longitudinal wave and β denotes the non-linearity
parameter. Assuming a harmonic wave like in Section (2.1.2.2) with the first order
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Figure 4: FFT of input and output signals
amplitude A1 and the corresponding second order amplitude A2 the right-hand-side





The non-linearity parameter holds a direct relationship to the level of damage of the
specimen and represents a dimensionless parameter for non-linearity characterization
of the investigated material, which makes it very important for this work. By means
of the relationship (2.33) it can be seen, which parameters can be varied to detect the
non-linearity of the object under investigation. Several techniques will be considered
in this work in order to confirm the feasibility of measuring the nonlinearity constant
of concrete materials using surface waves.
2.2.1 Nonlinear evaluation methods
Nonlinear acoustics methods deal with the changes of the incident signal that occur,
when the wave is propagating through or along the surface region of the material.
A considerable amount of comparative studies has been made between linear and
13
nonlinear techniques and can be found in the literature [2,4,25,28]. The common re-
sults state that nonlinear techniques are much more sensitive to material micro-scale
damage and distributed damage and therefore are better applicable for detection
of early stage damages. Most of the nonlinear nondestructive material evaluation
methods for concrete rely on frequency domain analysis of stress waves that have
propagated through the material. Payan et al. [25] used nonlinear resonant ultra-
sound spectroscopy (NRUS) to asses thermal damage in concrete. Accordingly the
shift of the resonant peak frequency respond to increasing exciting amplitude was
investigated. A significant sensitivity to thermal damage in concrete compared to
linear techniques like velocity measurements was demonstrated in that paper. Others
investigated the propagation of finite amplitude waves through materials, observing
a generation of higher harmonics and parametric mixing due to intrinsic nonlinear-
ity [5, 10, 15, 17, 22, 31, 33]. The main effect is a shift of spectral energy from the
frequency of the probe towards different frequency-components. The amount of the
energy shifted can also be directly related to the amount and extend of intrinsic micro-
cracks and consequently the scale of damage [8]. Shah et al. [30] reports a successful
evaluation of progressively damaged concrete samples applying a nonlinear ultrasonic
technique based on higher harmonics generation. This work points out that the third
harmonic is much more sensitive to compressive load in concrete than the second. It
is furthermore demonstrated that the sensitivity to compressive damage also increases
with input signal power level. Warnemuende et al. [33] compared the applicability
of passive and active modulation techniques on concrete material showing promising
results especially with the latter and Liu et al. [22] showed that collinear wave-mixing
method can be used for tracking alkali-silica reaction (ASR) damage in concrete. An
alternative technique is introduced by [4], which used the Scaling Subtraction Method
to evaluate cylindrical concrete samples that were damaged by compression load. The
Scaling Subtraction Method relates a reference signal uR to the nonlinear material
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response of the damaged sample. In this paper it is shown that the technique is very
easily applied and reliable in results. Damage could be detected and its evaluation
could be monitored. The disadvantage of all these methods so far is that special
samples need to be prepared for the measurements. Also most of this authors used
through-transmission techniques in their measurements, which makes it mainly appli-
cable to laboratory specimens not to field structures. In this work a field applicable
technique shall be developed. For the sake of understanding of performed measure-
ments and analysis the following sections will provide a coarse theoretical overview of
the theory behind the used methods and the derivations of the measured nonlinearity
parameters.
2.2.2 Nonlinearity parameter for Rayleigh surface waves using second
harmonic generation technique
In Section 2.1.2.4 the linear solution of the Rayleigh wave was derived. This chapter
will be focused on the nonlinearty parameter for Rayleigh waves, that shall charac-







≪ 1 from Eq. (2.25) has to hold. For the second order solution
several alternatives were derived in literature [12, 16, 19, 23]. For present purposes it
is reasonable to follow the derivation of [13]. Therefore, the first order harmonic solu-


























are used. It is known that in an isotropic material acoustic nonlinearity only arises
from longitudinal contribution of the wave [13]. Accordingly the in-plane displace-
ment amplitudes of the fundamental and second harmonic of a Rayleigh wave near
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Given that in the experiment only the out-of-plane component of the displacement is
















which can be rewritten into the for this work important relationship for the acous-
tic nonlinearity parameter for the Rayleigh wave using second harmonic generation


















It shall be noticed that this equation contains a contribution from the interaction
between the components of shear and longitudinal waves, although the acoustic non-
linearity for the shear wave itself vanishes due to symmetry of the third order elastic
constants.
2.2.3 Principle of signal modulation in nonlinear medium
The theory of modulation distinguishes between amplitude and angular modulation.
Angular modulation generally involves both frequency and phase modulation. In
terms of simplicity we only will focus on frequency modulation in this discussion.
In the wave mixing method for material evaluation developed and applied in this
work both of the modulation processes take place at the same time. In the following
amplitude and frequency modulation are described in detail.
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2.2.3.1 Amplitude Modulation
The mathematical representation of an amplitude modulated function can be written
as
ηa(t) = (1 + ca(t))ma(t), (2.38)
where ca(t) is the so-called carrier function and ma(t) is the modulating function.
Both functions are sinusoidal with frequencies fc and fm, respectively. When M
is defined to be the largest amplitude of the modulating signal and A the constant





The equations for the respective signals can be written as:
ca(t) = Asin(2πfct+ φc) and ma(t) = Mcos(2πfmt+ φm) (2.40)
For phases set to zero, respectively and with an index of q = 1
2
a part of a possible
representation is graphically given in Figure 5. Expended to its particular parts



















Figure 5: Amplitude modulated signal in time domain
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Eq. (2.38) can be brought into a form, where its particular frequency components,
generated by the modulation, become obvious. It shall be noticed that now the sum
(fc+ fm) and the difference (fc− fm) of the initial frequencies additionally appear in
the equation.
ηa(t) = Asin(2πfct) +
MA
2
[sin(2π(fc + fm)t+ φm) + sin(2π(fc − fm)− φm)] (2.41)
In the literature these components, which are slightly above and below the carrier
frequency fc are known under the name ”sidebands” and can be seen in the frequency
domain plot in Figure 6




























Figure 6: Amplitude modulated signal in frequency domain
2.2.3.2 Frequency Modulation
The frequency modulated signal also requires a carrier signal that can be defined
similarly to Eq. (2.40).
cf(t) = Acos(2πfct + φc) (2.42)
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A harmonic modulation is assumed here again. The representation of the frequency
modulated signal ηf is given by
ηf (t) = Acos(2πfct+ hfsin(2πfmt)). (2.43)
The factor hf is the Frequency Modulation Index, specified in Eq. (2.44). Here
∆f is the maximum deviation of the instantanious frequency from the frequency of






Eq. (2.43) can be expanded to its particular components similarly to those in Eq.
(2.41), as well. The main difference in the frequency spectrum however is, that
infinite number of sidebands arises around the carrier component. The amplitudes of
this sidebands are following the rule of Bessels functions of the first kind [15]. Figure
7 gives an example of a frequency modulated signal in frequency domain.

















Figure 7: Frequency modulated signal in frequency domain
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2.2.4 Active modulation technique
Two major types of modulation techniques can be distinguished in non-destructive
material evaluation. The more common occurs when a harmonic wave interacts with
passive disturbances like defects of any kind within the material. The biggest adverse
effect in applications with concrete is the attenuation, which makes the quantification
of the modulated and attenuated energies very difficult, when higher frequencies (> 50
kHz) are used. Also the amount of the modulated energy is generally so small, that
high level of damage would be required to see the changes in the spectral analysis [33].
In order to increase the sensitivity to early stage damage active modulation processes
are adequate. The higher sensitivity results from controlled and therefore improved
modulation of the signal. The particular technique used in this work uses the sum of
two sinusoidal functions with different frequencies f1 and f2, as written in Eq. (2.45).
S1 and S2 are the amplitudes, respectively. c is the phase velocity and x the direction
of propagation. The nonlinear behaviour of concrete material causes a development
of additional frequency components in the power spectrum, Eq. (2.46). The plot in
Figure 8 shows a simple example of the process by showing the input-function ηs(t),
its power spectrum and the power spectrum of the output-function for (ηs(t))
2. Since
only a part of the incident signal energy gets modulated, the resulting spectrum of









The advantage of the active modulation is that now it is predictable which components
in the power-spectrum are caused by the nonlinear behaviour of the material. Also
advantageous when using concrete material is in fact the generation of the lower
frequency component (f1 − f2), because the attenuation effect of the heterogeneous
material decreases with a smaller frequency. Therefore, the amplitude of the difference
frequency component is much easier to measure. The mathematical representation of
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Figure 8: Active modulation














































The component this work will focus on is the first term on the right-hand-side of Eq.


















In the real experiment both amplitude and frequency modulation take place, when
collinearly mixed waves are introduced to the material. It will be referred to that in
the discussion of signal analysis.
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CHAPTER III
CONCRETE MATERIALS AND SPECIMEN
This chapter will particularly give a discussion on the examined concrete samples and
their properties relevant to the present research.
3.1 Nonlinearity of concrete materials
Concrete in general is a solid material composed of cement, fine and coarse aggregates,
sand and water, which makes it a very complex multi-phase material. Due to the
strong inhomogeneity and presence of microcracks, which already exist in undamaged
state, concrete materials feature remarkable nonlinearity in their elastic behaviour
similar to rock and other geomaterials. Microcracks usually occur at the interface of
bond between the aggregate and cement mortar already during the curing process.
It is obvious that these microcracks are much smaller than the size of aggregate
and therefore cannot be effectively detected by standard linear ultrasonic techniques
like pulse velocity or resonant frequency. Under applied mechanical, e.g. [4, 30], or
chemical, e.g. [6, 7, 28] loads the nonlinearity increases steadily with the growing size
and number of microcracks. Finally the degradation can reach an extent that can lead
to a fatal failure of the loaded structure. Therefore detection of early stage damage
or micro-scale material degradation by nonlinear techniques as discussed in Chapter
2 is very important. In the following the sample preparation and its degradation
mechanism are covered.
3.1.1 Mixture and conditioning of the samples
The mixture for the used sample was particularly designed for a time-optimized, accel-
erated carbonation. The carbonation rate depends on several factors, which need to
22




coarse aggregate 1747 lb/yd3








Temperature 40 degrees Celsius
be considered while manufacturing the specimen. Two specimens of 5.5× 8× 23.5in3
dimensions from the same mix design shown in Table 2 for experimental purposes and
three concrete blocks with a cross area of 5.5× 5.5 in2 with a controlled carbonation
depth were manufactured. After the mixture was poured in the mould, specimen
dried under ambient condition for 24 hours before they first were conditioned in a
chamber with 100% humidity and 23 degrees Celsius for another day and then were
put into an environmental chamber at 55% humidity and 45 degrees Celsius for an-
other week. The conditioning of the specimens is crucial for putting the specimen into
a state, where carbonation can occur with the highest rate possible given the bound-
ary conditions of the equipment and physics. Once the concrete blocks were assumed
to be perfectly conditioned, which means to have reached the right solidification and
humidity level, they were put into a carbonation chamber, the ”Water-Jacketed US
Autoflow Automatic CO2 Incubator” by NUARE. The artificial environment param-
eters for the accelerated carbonation process are shown in Table 3. The exact choice
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of the temperature of 40 degrees Celsius and humidity of 60% is based on former re-
search by [14] and was supposed to guarantee the highest carbonation rate for the by
the machine to 20% limited CO2 maximum concentration. This carbonation chamber
was used only for one of the samples, while the second sample remained undamaged.
3.2 Carbonation
Carbonation is considered to be one of the most dangerous damage types for steel re-
inforced structures and is caused by a chemical reaction of CO2, water and Ca(OH)2
the naturally high pH of the pore solution drops from typical values around 12.4−13.0
to a value about 8, which again brings the passive layer covering the steel in an unsta-
ble condition and corrosion can take place. The depths of carbonation for the above
mentioned three specimen were averaged by using the phenolphthalein technique, as
shown in Figure 9. Therefore the specimen were cut and a phenolphthalein solution
was applied on the revealed surface. Phenolphthalein has the property to become
colorless when the pH of the material drops under 8.2, which means that the coloured
areas remain uncarbonated. In this way it could be estimated, how deep the carbon-
ation has penetrated in the actual specimen, the depth reached approximately one
inch after 5 weeks in the carbonation chamber. Carbonation does not take place in
a single reaction, but in a sequence of chemical reactions within the material. In Eq.
(3.1) the reactions for the dissolution process of carbon dioxide is given.
C02 +H2O −→ H2CO3









In Eq. (3.2) the reaction of carbonic acid with calcium hydroxide is described [6].
H2CO3 + Ca(OH)2 −→ CaCO3 + 2H2O (3.2)
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Figure 9: Phenolphthalein test
Reactions (3.1)and (3.2) can only take place in presence of necessary conditions. The
rate of diffusion of CO2 is highly dependent on the water content in the pores. When
the pores are fully filled with water, carbonation is mostly missing because of the
low diffusion rate of CO2 and when the pores are dry dissolution of CO2 cannot take
place either. This circumstances make the humidity of the material a decisive factor
for the carbonation rate besides the pore structure and temperature [6, 26, 27]. The
optimum values are between 50− 65%.
For ultrasonic testing, it is fundamental that these reactions taking place in concrete
change the material properties. The reaction of calcium hydroxide with the carbonic
acid results in the formation of calcium carbonates. This product features lower
density and higher mechanical strength and elastic moduli [6,11,24,26]. This in turn
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means that the overall porosity is decreased by carbonation. Furthermore Fabbri et
al. [11] have shown that consolidated microcracks generation occurs in the vicinity of
the carbonation front, which in turn locally decreases the mechanical properties. It
already was mentioned in Chapter 2 that increased nonlinearity is directly related to
the amount of microcracks and can be measured through the hysteretic properties of
the material using ultrasonic waves.
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CHAPTER IV
EXPERIMENTAL SETUP FOR THE SECOND
HARMONIC GENERATION METHOD
Two very different concepts were investigated in this work with respect to feasibility of
measuring the nonlinearity change of concrete samples due to carbonation. The main
criteria for both of them was their applicability to concrete structures in field. One
potential method was derived from [13], where Rayleigh surface waves are to assess
material damage in nickel-base superalloy. For investigation of near surface degrada-
tion of concrete this technique had to be adopted to the conditions in concrete which
are very different from those in nickel-base superalloy. In this chapter the experimen-
tal setup, procedure and signal processing for the second harmonic generation using
Rayleigh surface waves in concrete will be discussed in detail.
4.1 Wedge-Transducer and Rayleigh wave speed determi-
nation
In NDT several methods exist to excite an RSW. Some of them include a cascade of
transducers or need geometrical specialities of the specimen. The method that will be
used in this work is known as the wedge-transducer-method, Figure 10. To be able to
apply this relatively undemanding method the exact critical angle has to be known.
In the literature it can be found that the RSW speed for concrete materials varies
close around 2500m/s, which gave the starting point for the design of the wedges.
It has also been already discussed in Section 2.1.2.3 that the phase velocity of the
longitudinal wave through the wedge material has to be lower then the RSW speed of
the specimen. Teflon with a longitudinal wave speed of 1450m/s is the material that









Figure 10: Experimental setup for the second harmonic generation method
of the signal along the surface of the specimen, Figure 11, the wedge angle could be
adjusted iteratively. The measured RSW speed for the used specimen was determined








which results in a critical angle, following Eq. (2.22), of 36.29 degrees.
4.2 Experimental procedure
Rayleigh Surface Waves are excited and detected by wedge-transducers located on
the flat surface of the specimen and coupled by HIGH VACUUM GREASE, by Dow
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Figure 11: Rayleigh wave speed measurement
Corning, on both transmitting and receiving side. The signal generated by the arbi-
trary waveform generator AGILENT 33250A produces a sinusoidal toneburst of the
prescribed frequency, which propagates a certain distance through the material. To
increase the amplitude of the incident signal ENI Model 240LRF Power Amplifier
50dB is used. The transmitted signals containing the fundamental and higher har-
monic parts are detected by a second wedge-transducer. The detected signals are
averaged by the Tektronix TDS5034B Digital Oscilliscope after the pre-amplification
by Digital Wave amplifier, and saved for post-signal processing.
4.2.1 Wedge-transducers
For transmitting and detecting the signals, commercial broadband transducers man-
ufactured by Ultran are used:
• Transmitter: Ultran GRD50-D50, 50 kHz, 50 mm
• Receiver: Ultran GRD100-D50, 100 kHz, 50 mm.
29
The center frequency of the receiving transducer is chosen to be twice the center
frequency of the transmitting in order to increase the sensitivity for the second har-
monic, which is expected to be smaller than the fundamental by several orders of
magnitude. But since a broadband transducer is used, lower frequencies and there-
fore the fundamental is also reliably detectable. Both transducers have an effective
diameter of the active area of 50 mm. Knowing the frequency and the diameter of
the source, the far-field distance can be estimated to avoid near-field effects of the
evolving wave field. Considering the 50 mm diameter of the transmitting transducer
and a signal frequency of 50 kHz the far-field distance yield 102.04 mm, however if
the beam of the transducer spreads out in the wedge to a 70 mm diameter, then the
far-field distance almost doubles. Since it is unknown what the actual dimensions of





where D represents the diameter and λ = c/f is the wavelength. df is the far-field
distance.
4.2.2 Measurement procedure
The transmitting wedge-transducer is positioned and fixed the position on one end
of the specimen during one measurement set. Between the surfaces of the wedge and
specimen HIGH VACUUM GREASE is applied and the wedges are pushed firmly
down towards the specimen surface to reduce the acoustic energy losses. In order to
measure the material nonlinearity the propagation distance between the two transduc-
ers is varied. Since the receiving wedge-transducer is moved in a measurement set to
change the propagating distance an equally distributed grease film has to be applied
to the complete area where the receiver is wanted to be moved along. The vacuum
grease is very viscous and therefore has to be laid on carefully to ensure as uniform
film thickness as possible. When distance changed the receiver is pressed down for
30
several seconds to squeeze out redundant grease between the surfaces. Before taking
the measurement the surface where the wave propagates along is cleaned from grease
as good as possible to reduce side effects. To ensure, that the wedge-transducers are
aligned a ruler is used as an edge guide and measurement tool while changing the
propagating distance. The effect of misalignment is discussed in more detail in [32].
When the transmitter and receiver are aligned and the propagation area cleaned 200
measurements are taken and averaged to increase SNR. After the averaged signal for
a particular propagation distance is saved the receiver is moved to the next point and
the procedure starts all over again. This is repeated for all distances.
4.2.3 Signal generation and signal processing
4.2.3.1 Signal Generation
AGILENT 33250A arbitrary waveform generator is used to produce toneburst signals
of 30 cycles. The large number of tonebursts was chosen to increase the accuracy of
the measurement and to introduce a sufficient amount of acoustic energy into the
propagating wave. Note that this is also one of the fundamental requirements for
generation of second harmonic signals. The sufficiently high number of tonebursts
also allows extracting the steady state portion, Figure 12 of the signal neglecting
the transient part at the very front of the signal and the ringing effect at the end.
The strength of the input signal was varied for whole measurement sets in order to
achieve a trade-off between large enough amplitude to initiate nonlinear behaviour
of the material and loading of the transducer. In the following we will only consider
the function generator amplitude of 300 mV pp. Before exciting the transmitter the
signal is amplified by +50 dB. The actual voltage arriving at the transducer can be
read from Figure 13. The detected signal is pre-amplified in a range of 27 − 39 dB,
depending on the signal strength, and recorded by the Tektronix TDS5034B Digital




Figure 12: 30 cycles toneburst after 210 mm propagation
4.2.3.2 Signal Processing
To obtain a reasonable Signal to Noise Ratio (SNR), 200 independent measurements
are taken and averaged. The averaged signal first undergoes a windowing process
using an Hann Window. A 64-point Hann-Window can be seen in Figure 14. The
windowing is only applied to the steady-state portion of the signal, the rest is multi-
plied by zero to obtain a higher resolution in the frequency domain by interpolation.
More detail about advantages and the process of windowing in signal processing can
be found in [1]. The windowed signal, as shown in Fiq. (15), is subjected to a Fast
Fourier Transform (FFT), which gives the frequency domain representation of the
received signal, as shown in Figure 16. In this way the amplitudes of the fundamen-
tal and second harmonic can be extracted and set into relationship described in Eq.
(2.33). By repeating this procedure at different propagation distances, a plot like
in Figure 17 can be obtained. The fundamental and second harmonic amplitudes
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Input Voltage Amplification by +50dB
Figure 13: Output voltage after 50 dB amplification






























Figure 14: 64-point Hann Window
are labelled as A1 and A2, respectively. The relationship (2.33) states that the non-
linearity parameter β is proportional to the normalized second harmonic amplitude
A2/A
2
1. Which means, that the slope of the linear fit in Figure 17 can be interpreted
as the expression of nonlinearity of the material, and will be compared in the following
results to analyse the nonlinearity of investigated specimen.
33




















Figure 15: Windowed signal























Figure 16: Frequency spectrum of a signal at 290 mm
4.3 Repeatability
Because of the relatively complex experimental setting, complex material properties,
possible local effects and also because of the fact that the receiving transducer is to
be moved during the measurement procedure, repeatability studies of the experiment
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Figure 17: Normalized second harmonic amplitude
had to be done. To ensure that the obtained results are consistent and reproducible
at least three measurements were taken along the same propagation line on the con-
crete sample and the results were compared with each other in respect to behaviour
of the fundamental, second harmonic and their ratio, the normalized second harmonic
over the propagation distance. Between the measurements the complete setup was
removed and repositioned at the same initial locations again.
The second aspect of the repeatability study is the test whether the harmonics, and
herewith the nonlinearity parameter, show similar behaviour within the same spec-
imen, but along different propagation lines. Therefore the transmitter and receiver
were moved parallelly to the initial propagation line.
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CHAPTER V
EXPERIMENTAL SETUP FOR WAVE MIXING METHOD
The general idea behind this method is very different from the one used in Chapter 4.
Except for the oscilloscope, that was replaced by Tektronix TDS 420, and receiving
transducer, that was replaced by the PCB 353B13 accelerometer or an air-coupled
microphone, the same equipment for generation of the signal and data acquisition
could be used.
5.1 Transmitter and receiver
For this method several completely different sensors were used to detect the signals,
according to Chapter 4 the same transducer with 50 kHz center frequency was used to
transmit the signal. For detection of the signal a broadband air-coupled microphone,
G.R.A.S. 40BE with a broadband up to 100 kHz and an accelerometer, PCB 353B13,




As already explained in Section 4.2, the transmitter is a wedge-transducer positioned
at one end of the specimen and is coupled with a vacuum grease to the concrete sur-
face. The accelerometer is coupled by epoxy to the concrete sample and is not being
removed during one measurement set. Epoxy coupling provides very high sensitivity
for detection of the signal. Since the reception of the wave takes place at a fixed
propagation distance of 435mm, the amplitude of the input signal is varied by the
function generator in 5 mV pp-steps in a range from 100 mV pp to 400 mV pp. Before
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introducing the signal to the transmitting transducer the signal is subjected to an
amplification by +50 dB, as already mentioned in the previous chapter. The actual
applied voltages can be read in Figure 13. The signal received by the accelerometer
is preamplified by +19dB after propagating along the material surface and is aver-














Figure 18: Accelerometer setup
5.2.2 Microphone setup
The second receiver that was tested is an air-coupled microphone. Same transmitting
equipment is used. But while the accelerometer is just positioned normally to the
surface of the specimen to measure RSWs, the microphone needs to be adjusted in its
angle in respect to the surface following Eq. (2.22), similarly to a wedge-transducer,
since now there is a second material, air, to be considered in the experimental setup.
The angle can be calculated by Eq. (2.22) and results in e.g. 8 degrees. The position
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of the microphone is varied over distance along a drawn line to keep the nonlinear-
ity effects of the system as low as possible and keep aligned with the transmitter.
The input amplitude is being kept constant at 300 mV pp. After propagation pream-
plification of +39 dB increases the signal strength before recording with the same
Tectronix TDS420 Oscilloscope. Furthermore the microphone was used for constant
distance measurements following the procedure like described for the accelerometer
except that the amplitude is varied between 160− 300 mV pp and a preamplification
of +39 dB is applied. The frequency response of the microphone covers all frequencies








Figure 19: Experimental setup for the wave mixing method using an accelerometer
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5.3 Signal generation and signal processing
5.3.1 Signal generation
The speciality of this method is that two individual waves carrying different frequen-
cies are propagating through and interacting with one another in the material. This
process is called nonlinear modulation, see Sections (2.2.3) and (2.2.4). The mixing
of two or more waves can be achieved in different ways, e.g. using several trans-
mitting transducers, or a combination of a transducer and an impact hammer [10].
In this work the arbitrary waveform generator Agilent 33250A is used to generate a
mixed wave. Therefore a MATLAB-code had to be written and implemented in the
experimental procedure. This code allows importing any possible pair of monochro-
matic waves with prescribing properties like amplitudes, frequencies and phases to
the function generator and herewith expands the number of possible combinations of
input signals to infinity. Because of the limited amount of time for this work only a
couple of combinations were tested to make the conclusions. The superposition of two
chosen waves is downloaded to the function generator, which excites the transducer.
The only limitation is, that the center frequency of the transmitting transducer is
announced to be 50kHz, and therefore the fundamental frequencies of the two waves
should not be too far away from it. To simulate a toneburst-input zeros were added
to the signal after a particular nonzero signal length of 1.5 ms, Figure 20. One
downloaded signal has the length of 4.5 ms.
5.3.2 Signal processing for accelerometer setup
The interaction of the propagating waves with material nonlinearities and the re-
sulting wave distortion and modulation occurs as described in Section 2.2.4. The
accelerometer received signal could look like plotted in Figure 21, where a particu-
lar signal at 250 mV pp can be seen. Unlike in the methods where the signal is not
constant in the same position but is moving in the time domain because of changing
39
















Figure 20: Input signal using a 56 kHz-46 kHz pair
propagation distance, here the interval is fixed for a time window between 5− 6 ms.
This procedure is repeated for every input voltage within the range of interest in 5
mV pp steps. The averaged signal is saved and postprocessed using a MATLAB code,
see Section 4.2.3.2. The additional frequency components in the spectrum generated
by the nonlinear modulation are of interest. The most interesting component for
this work is the difference of the two fundamental frequencies, (f1 − f2), see section
(2.2.4). The difference between the frequencies was chosen after the boundary con-
dition given by the broadband response of the accelerometer of 10 kHz. The red
stars in Figure 21 are indicating the interval for post-processing of the signal, which
includes the application of the Hann Window and the FFT. Figure 23 represents the
obtained result for a signal after windowing and FFT. The amplitudes marked in
this plot are taken to build the relation defined in Eq. (2.48). The phase velocity is
assumed to be the same for both waves and is therefore neglected. The value defined
by this relationship is built for every input voltage and plotted according to Figure
23. Again, the slope of the linear fit of the particular measurements expresses a value
that can be related to the nonlinearity of the material. Note that the linear fit is only
40



















Figure 21: Output signal of the 56 kHz-46 kHz pair at 250 mVpp
made for the range between 160 mV pp and 310 mV pp, because after the theory in
Section 2.2.4 the relationship between the normalized modulated amplitude of f1−f2
and the nonlinearity parameter is supposed to be proportional. The signal processing
for microphone setup works as described earlier. The difference for varying distance
measurement only is, that the normalized amplitude is not plotted over voltage but
over distance. The final plots state similar information concerning the nonlinearity
of the material.
5.4 Repeatability
Repeatability test for the setup using the accelerometer was focused on the effects of
the epoxy coupling and can be performed very simply. The coupling material gets
solidified within 3 min after reaction of both of its components. In order to prove
the repeatability of the taken measurements the accelerometer and the transmitting
transducer was completely removed, cleaned and reattached again at the same loca-
tion. After accomplishing this procedure new measurements were taken and obtained
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Figure 22: Frequency spectrum of the 56 kHz-46 kHz pair at 250 mVpp
results were compared to former ones. The repeatability of the setup using the mi-
crophone is rather complicated. The surface of the specimen is not very even, which
makes it hard to keep the distance between the microphone and the surface constant
at each measurement point. To ensure the best possible control over that issue, a
plastic plate of e.g. 1mm thickness was used by slipping it between the microphone
and the surface at each point. Hence the setup of the microphone is variable in normal
direction from the specimen surface. As explained in Section 4.3, the measurements
along one propagation line were taken at least three times under the same conditions
to prove the repeatability.
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This chapter is divided into two major sections. In the first, the theoretically ex-
pected results and difficulties of the SHG of Rayleigh waves in concrete are discussed.
The feasibility results obtained for the normalized second harmonic as well as the
repeatability results including the sample evaluation are presented.
In the second section, a discussion on the results of the wave mixing method is pro-
vided. Two completely distinct setups for the ultrasonic signal detection are used for
this method. However, only the results obtained from the experimental setup using
the accelerometer are presented here. A discussion on measurements taken by using
the microphone as the receiver is given in the Appendix .0.2.
6.1 Second harmonic generation method results
The method of generating the second harmonic by material nonlinearity in an initially
monochromatic signal using Rayleigh waves has been thoroughly investigated in the
last few years [13, 32]. Different damage mechanisms are discussed and clear results
are presented. However, only metals like A36 steel and nickel-based superalloys,
which are highly linear in comparison to concrete and rock materials, were mainly
used for those investigations. The technique of nonlinear ultrasonic measurements
developed over the years has reduced experimental setup uncertainties like coupling,
its viscosity effects, equipment nonlinearities, etc.. The application of the wedge-
transducer technique is quite new for concrete material applications and has to be
therefore investigated in more detail. In addition, this method has the theoretical
advantages of the averaging effect for the signal over a finite area, that is covered
by the elliptical transducer beam footprint. Using the wedges, a larger amount of
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acoustic energy can be transmitted to excite the actual Rayleigh wave along the
surface. In the following, the first feasibility results of this technique as applied to
concrete specimens are presented.
6.1.1 Dependence of nonlinearity on propagation distance
For the feasibility tests of the second harmonic generation in concrete, the measure-
ments are taken from a different concrete block than the one discussed above. Its
dimensions are slightly larger than those of the actual specimen, 10in× 10in× 24in.
The mixture is unknown in detail, but is highly similar to the one discussed in Chap-
ter 3, with the exception of the w/c-ratio.
In this work, the measurements of material nonlinearity using SHG method are per-
formed by varying the propagation distance. The transducers used are naturally non-
linear, and apparently therefore the second harmonic component is already excited by
the transmitter. The equipment used generates nonlinearity as well. However, since
the input voltage is constant and only the propagation distance of the Rayleigh surface
wave is changed, the nonlinearity of the involved instruments remains constant, while
the material component of the measured nonlinearity grows linearly with increasing
propagation distance. This is referred to as cumulative nonlinearity. The first step
to be taken for these measurements is to find out whether and in what range the
normalized second harmonic amplitude exhibits linear growth with the propagation
distance. Phenomena such as near-field effects or a dominating attenuation influence
the linearity and thus have to be excluded from the analysis. The corresponding












Figure 24: Normalized second harmonic amplitude versus propagation distance for
the undamaged fatigue specimen 1. by Walker [32]
6.1.2 Behavior of the amplitudes of harmonics
For simplicity, it shall be assumed that the signal introduced to the material is
monochromatic. While propagating through the specimen the immense nonlinear-
ity of concrete causes a distortion of the wave due to interaction with the intrinsic
microcracks of the material. While the fundamental amplitude decreases steadily due
to attenuation, the higher harmonic amplitudes are expected to grow with the in-
creasing propagation distance, since for longer propagation distance the nonlinearity
increases as well. However, the attenuation of the propagating wave in concrete is ex-
tremely high, and is dependant on the wave frequency. With a higher frequency and
therefore shorter a wavelength, the attenuation grows as well and herewith strongly
affects the obtained amplitudes of the harmonics. In other words, the second har-
monic is affected much more strongly by attenuation than the fundamental is since
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it is at a higher frequency. The domination of attenuation effects of the second har-
monic can be observed in numerous measurements, particularly over longer distances.
However, it is noted that to obtain a positive slope of the linear part of the normal-
ized second harmonic A2
A21
over distance as in Figure 24, the second harmonic solely
needs to decrease more slowly than the fundamental. To obtain a characterization of
the material nonlinearity by the second harmonic generation method the fundamen-
tal and second harmonic component of the received signal have to be measured. In

























Figure 25: Amplitude of the fundamental
over distance























Figure 26: Amplitude of the second har-
monic over distance
Figure 25 and Figure 26 the behavior of the first and second harmonic for distance
intervals from 200mm to 320mm can be seen, respectively. Up to the distance of 260
mm, near-field effects can be seen in these plots very well. But in the range from
260 mm to 320 mm, the amplitudes follow the expected behavior. The input voltage
amplitude for this experiment is 2 V pp tenfold amplified by Krohn-HITE model 750
amplifier. The differences between the measurement sets’ origins is in the very differ-
ent coupling conditions and are usually expected. Nevertheless, the rage of variation
is very small, which shows good repeatability of the experimental setup, as seen in
Figure 28. It also can be noticed that the fundamental and second harmonic ampli-
tudes are strongly correlated, which leads to the fact that for the actual analysis the
second harmonic amplitude is normalized by the square of the fundamental. The
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slope 1 = 5.962e−09
measurement 2
slope 2 = 6.7163e−09
measurement 3
slope 3 = 8.0598e−09
measurement 4
slope 4 = 6.8358e−09
Figure 27: Normalized second harmonic amplitude versus propagation distance for
the undamaged concrete sample



























Figure 28: Normalized second harmonic amplitude versus propagation distance for
the undamaged concrete sample, averaged
nonlinearity characterization of the material takes place by plotting the normalized
second harmonic amplitude over the propagation distance. The obtained relationship
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Figure 29: Measured slopes
shows a proportional part after 260 mm, as shown in Figure 27. The slope of this
part is directly related to the nonlinearity parameter and is therefore the goal of each
measurement set. Figure 29 shows an overview for the measured slopes represented as
bars and the red line is their mean value. The maximum value is 16.92% larger than
the mean and the minimum is around 13.5% smaller. It is known that for concrete,
the nonlinearity measurements can vary within ±20% [20] and therefore the obtained
results are within acceptable tolerances.
Due to problems with the equipment used and the low repeatability of measurements
taken on different locations of the specimen, this method was not investigated any
further.
6.2 Wave mixing method results
One of the most widely used vibro-acoustic methods is combining a high frequency
ultrasonic wave with a low frequency vibration mode, [10, 17]. This method counts
as a global technique, since the complete specimen is under investigation. Kazakov
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et. al [17] combined an ultrasonic probe with an impact hammer to locate cracks and
flaws in steel samples, while Warnemuende et. al [33] used a very similar method to
monitor microcrack density in concrete caused by a compressive load. This method
represents a hardware solution of mixing waves, since two excitation mechanisms are
used. In the literature, one also can find software solutions, where only one transducer
is used to excite both waves. Liu et. al [22] used this method by taking transmission
measurements to detect alkali-silica reaction damage in concrete. Hu et. al [15] used
an arbitrary waveform generator to excite two sinusoidal waves simultaneously for
detection of cracks in aluminium plates. The mechanism of modulation is already
discussed in Section (2.2.3). The propagating wave pair interacts with the intrinsic
microcracks, which causes a disturbance in the form that not only the higher har-
monics of each wave are generated, but also the so-called side-bands, which represent
the sum and difference of the fundamental frequencies.
In the following the results of the setup using the accelerometer will be discussed.
6.2.1 Results of the accelerometer setup
The accelerometer is permanently fixed to one location on the specimen, see Chapter
5, which is aligned to be in the middle of the ultrasonic beam of the transducer. The
amplitude of the input voltage is varied by the arbitrary waveform generator from
100 mV pp to 400 mV pp, which gives an effective excitation of the transducer in the
range between 31.6 V pp and 126.5 V pp.
The following procedure is used to develop a field applicable and obtain meaningful
results:
1)- prove that frequency components, especially the difference component, can be
generated depending on the particular frequency pair
2)- build the normalized difference component for every frequency pair to show
that there is a proportional relationship between the input voltage and the
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normalized difference component independently from the frequency pair
3)- choose one frequency pair to evaluate both carbonated and undamaged sample
4)- test repeatability of the results
4)- and compare the nonlinearity parameters of undamaged and carbonated sam-
ples.
For the first step, a set of frequency pairs, which can be seen in Table (4), is tested in
order to show the feasibility of detection of an arbitrary difference component. The
pairs are chosen in the way that the fundamental frequencies are not too far away from
the center frequency of the transducer and their difference is within the broadband of
the accelerometer. Because of the similarity of the results for tested pairs, only four
chosen ones will be discussed in this work. For the sake of demonstration, each of the
four pairs has a different difference component in the range from 8 kHz to 11 kHz.
The second step is aimed at the detection of the fundamental and difference compo-
nents in the frequency spectrum of each averaged and saved signal for each voltage.
From the frequency spectrum obtained, components are set in the relationship for the
normalized difference component and are plotted over the input voltage. The first
two steps of the development of the technique are visualized in Figures 30-37. It is
easily observed that the difference component always arises in the expected location
and is simply distinguished from other sidebands or signal processing artefacts. Fur-
thermore the plots demonstrate that the sensitivity of the accelerometer setup is very
high. Even though the broadband frequency of the accelerometer is 10 kHz according
to its data sheet, second harmonics and the sum of fundamental frequency could be
detected with clearly defined amplitudes. It is noticed that in this method the
proportionality between the two mentioned parameters is present only for a certain
range of voltage amplitudes. Also conspicuous is that the lower limit of voltage is
around 150 mV pp, which are 47.4 V pp excitation amplitude. The irregular behavior
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Figure 30: Frequency spectrum of the 52
kHz-44 kHz pair




























Figure 31: Normalized difference compo-
nent over voltage for the 52 kHz-44 kHz
pair




































Figure 32: Frequency spectrum of the 52
kHz-43 kHz pair





























Figure 33: Normalized difference compo-
nent over voltage for the 52 kHz-44 kHz
pair
of the ratio between the normalized amplitude and input voltage for lower ampli-
tudes is already explained in the previous chapters. The nonlinearity in concrete is
generated mostly by cyclic opening and closing of microcracks. To induce this effect
the amplitude has to be large enough. The upper end of the plot shows irregularities
as well. Here a number of different effects are working simultaneously and
cannot be clearly separated from each other. On the one hand, there are instruments
constraints like a maximum output amplitude of the transducer. On the other hand,
the measurement range of the oscilloscope is also limited. The combined effects cause
the signal to behave anomalously, as seen in the Figure 38, where the dependency
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Figure 34: Frequency spectrum of the 56
kHz-46 kHz pair





























Figure 35: Normalized difference compo-
nent over voltage for the 56 kHz-46 kHz
pair





































Figure 36: Frequency spectrum of the 54
kHz-43 kHz pair































Figure 37: Normalized difference compo-
nent over voltage for the 54 kHz-43 kHz
pair
of the difference component on input voltage is demonstrated for the 52 kHz − 44
kHz frequency pair in detail. First, it seems like the difference component is growing
quadratically with the increasing input voltage until 300 mV pp (red line), which sat-
isfies the expectations in respect to the nonlinearity parameter. The part encircled
by the green ellipse represents the erroneous part. The behavior of the difference
component over increasing voltage is compared for all investigated frequency pairs on
the uncarbonated sample. Because of the very limited time given for this work, only
one frequency pair could be investigated in more detail. The choice of the frequency
pair of 56 kHz − 46 kHz due to the most consistent results accomplishes the third
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Table 4: Frequency pairs in [kHz]
Frequencyf1 50 51 51 52 52 52 53 54 54 54 55 55 56 56
Frequencyf2 40 53 45 42 43 44 43 42 43 45 44 46 45 46
Difference 10 8 6 10 9 8 10 12 11 9 11 9 11 10
Figure 38: Difference component over input voltage, 52 kHz-44 kHz frequency pair
point in the process. As can be seen in the Figures (39)-(42), the behavior of the
product of the fundamental amplitudes grows very linearly for both carbonated and
undamaged samples. As well as the trend of the difference component in both cases
can be interpreted as quadratic.
6.3 Results of carbonation evaluation
Two specimens are cast from one mixture and are subjected to the same conditioning
and drying processes, but one is partly carbonated and the other is not carbonated
at all. They are both evaluated using the wave mixing technique determining the
nonlinearity parameter. The results from the detection of the difference component
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Figure 39: Product of fundamental am-
plitudes over input voltage, 56 kHz-46 kHz
frequency pair, undamaged






















Figure 40: Difference component over in-
put voltage, 56 kHz-46 kHz frequency pair,
undamaged

















Figure 41: Product of fundamental am-
plitudes over input voltage, 56 kHz-46 kHz
frequency pair, carbonated



















Figure 42: Difference component over in-
put voltage, 56 kHz-46 kHz frequency pair,
carbonated
of the fundamental frequencies in the frequency spectrum are already presented in the
previous section. The goal of this method is to be able to evaluate the nonlinearity
of concrete materials, and in this particular case the nonlinearity change is generated
by carbonation. Therefore the last step in the development of the new nondestructive
evaluation method using nonlinear Rayleigh waves is to build the relationship between
the detected fundamental and difference components for every input voltage, and to
obtain the slopes of this relationship, which is directly related to the nonlinearity
parameter. The respective plots for the resulting slopes for undamaged and carbon-
ated samples are given in Figure 43 and Figure 44. Three different measurement sets
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slope 3 = 3.3999e−15
Figure 43: Normalized difference compo-
nent for single measurement sets over volt-
age, undamaged




























slope 1 = 3.6296e−15
set 2 
slope 2 = 3.9349e−15 
set 3
slope 3 = 4.3356e−15
Figure 44: Normalized difference compo-
nent for single measurement sets over volt-
age, carbonated
are taken from the carbonated and undamaged sample, respectively, are shown. The
offset of the measurement set 1 of the undamaged sample originates from different
coupling conditions, however the slope value is very similar. For an overview the
slopes are presented in a bar-diagram, like shown in Figure 45. The red errorbars
























Figure 45: Averaged slope values of undamaged and carbonated samples
seen, that the average slope, and therefore also the nonlinearity parameter is about
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Table 5: Measured Slopes
slope 1 slope 2 slope 3 average slope
undamaged sample 3.3434e-15 3.1491e-15 3.3999e-15 3.30E-15
carbonated sample 3.6296e-15 3.9349e-15 4.3356e-15 3.97E-15
20% higher for the carbonated sample. Furthermore, the plots are presented with
the errorbars representation as seen in Figure 46. Here the average ratio between



























slope carbonated = 3.8441e−15
averaged data undamaged
slope andamaged = 3.4634e−15
Figure 46: Averaged normalized difference component over voltage, undamaged and
carbonated samples
the three measurements for the respective input voltage is built first and the linear
fit is calculated by these mean values. The errorbars show the standard deviation.
From the calculated slopes, it can be noted that the nonlinearity parameter for the
carbonated sample is still about 11% higher. The large errorbars of the undamaged
sample in Figure 46 originate from the vertical shift of measurement set 1, when
compared to the other two and the relatively small number of taken measurements
in that particular configuration.
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6.3.1 Repeatability results
As can be inferred from the plots the results of a particular measurement are repro-
duced very well. The most critical factor for the repeatability testing is the coupling
between the accelerometer and sample. The coupling material solidifies within 3 min
after reaction of both of its components. This has the advantage of consistent cou-
pling behavior, but it also is very hard to remove the accelerometer again. Therefore
this coupling method is suitable for permanent attachment to the specimen or the
object under investigation. When making nonlinearity measurements of a concrete
object in the field, it would be reasonable to always measure the same area to monitor
the development of a degradation mechanism like carbonation. In that case epoxy
coupling shows certain advantages. For research purposes, especially to investigate
the repeatability of the method, it is rather laborious to use this coupling, since the
accelerometer has to be completely removed and reattached again, which can damage
the surface of the specimen.
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CHAPTER VII
CONCLUSION AND FUTURE WORK
Rayleigh surface waves are used in this research to develop a field applicable technique
for ultrasonic evaluation of near surface damage in concrete. Two different methods
are investigated with respect to feasibility and quality of results. The second harmonic
generation method is found to be generally promising, since the fundamental and the
second harmonic amplitudes could be detected simultaneously. It also shows advan-
tages like the averaging effect over a finite area for the transmitting signal as well as
its detection. However due to instrumental limitations, the investigation could not be
continued in the time frame given for this research. The fundamental frequency used
in this work is found to be too high and should be reduced for future investigations
of this method. Concrete is a highly attenuative material. Attenuation is dependent
on the frequency of the signal and therefore the second harmonic is much more af-
fected. By reducing the fundamental frequency, not only the attenuation effect could
be decreased, but also local effects, which happen due to the inhomogeneity of the
material can be weakened because the wavelength of the signal is larger at with lower
frequency. Another aspect in this method is the problem concerning the coupling
conditions between the teflon wedges and the specimen surface. More detailed in-
vestigations have to be done concerning the affect of the grease layer thickness and
pressure level and time applied on the wedge on the detection accuracy. To increase
the potential of this promising method to be applied to concrete materials, more work
has to be done.
The wave mixing technique for Rayleigh waves propagating along the surface shows a
great potential for the evaluation of carbonation damage in concrete. The sum of two
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independent sinusoidal waves, driven by two different frequencies, is used to excite a
low frequency wave. This wave arises through the interaction of the two ultrasonic
waves with the nonlinear material, at the difference frequency of the fundamental
frequencies. In this way a very low frequency wave could be generated by still us-
ing a 50kHz transducer. As a detecting sensor, an accelerometer is used, providing
high sensitivity. The difference component in the power spectrum can be detected
in all the measurements performed. A comparison between the carbonated and the
reference undamaged sample is performed with the result that the nonlinearity of
the carbonated sample is larger, than that of the undamaged sample. However, in
this work only two specimen are considered. Concrete is a multi-phase material,
and its nonlinearity can have significant variability, even before the damage occurs.
Nonetheless, the goal was to develop a method that is capable of reliably measuring
the nonlinearity of concrete materials using Rayleigh surface waves to make it also
applicable in field. The wave mixing technique shows all necessary features to meet
these requirements. The nonlinearity of the samples can be reliably measured and the
results can be reproduced with a good repeatability. For future work on this method
it is recommended to test different coupling materials for the accelerometer, to make
the measurement procedure less laborious. The material evalution, e.g. detection of
carbonation, has to be performed on more than two samples, also the nonlinearity
of the specimen should be measured before and after undergoing the carbonation
process, to be able to determine the effect of carbonation on the nonlinearity of the
material. The affect of the chosen frequency pair has to be investigated further.
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Appendix
.0.2 Results of the microphone setup
The measurements taken along the propagation path with the microphone have a big
advantage of its being non-contact to the surface, which eliminates the cumbersome
coupling problems discussed above. However it has to be noted that the surface of
any concrete structure is never perfectly even and can have roughness in finite di-
mensions within even a small area. This surface roughness causes the trouble that
the layer of air, which is used as coupling material varies in its thickness as well. The
wave propagating through the air quickly loses a lot of its energy and therefore the
thickness of the air layer should be constant for consistent measurements.
In the following Figures 47 and 48 the amplitudes of the product of the fundamen-
tals and of the difference component are depicted. Building the relationship for the














Figure 47: Product of fundamental ampli-
tudes over distance, microphone detection














Figure 48: Amplitude of the difference
component over distance, microphone de-
tection
nonlinearity parameter defined in Eq. (2.48) and neglecting the differences in the
phase velocity of the two wave the plot Figure 50 is obtained. No recognizable de-
pendencies between propagation distance and normalized modulated amplitude can
be seen. The origin for that problem is e.g. the very weak detected signal, SNR is
much worse that in measurements using wedges. Also the signal is highly affected
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by sound emission from the environment like the machines, acoustic waves from the
transmitting transducer, etc. Even isolating the microphone from surrounding noise
did not improve the quality of the signal so that it delivered much different results.
Nevertheless, the microphone could detect the fundamental frequency components as
well as the side bands and higher harmonics of the propagated wave, Figure 49.


































Figure 49: Frequency spectrum of signal received by microphone
.0.2.1 Repeatability
Although the setup was kept the same for all 12 performed measurements using mi-
crophone reception on one sample and the distance between the specimen and micro-
phone was controlled in a best possible way, no repeatable results could be achieved.
The possible explanations were already mentioned before. The high sensitivity of
the microphone to surrounding noise due to its broad band response from 1Hz to
10MHz overwhelmed the frequencies of interest, which can be well observed in the
frequency spectrum Figure 49. Components like 15kHz should not appear stronger
than the actual difference of fundamental frequencies. This component showed up in
every measurement using the microphone, which indicates that this is probably an
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Figure 50: Normalized difference component amplitude over distance
eigen frequency of the devices used. SNR has been much lower than in all other tested
methods and the detected signal itself was the weakest. This bears many problems
in respect to the signal quality and feasibility of proper frequency spectrum analysis.
Furthermore the microphone can be considered as a point receiver, which makes it
very sensitive to local effects like change of material properties (matrix and reinforce-
ment materials) and surface inhomogeneities. Especially for concrete it is reasonable
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